The internal structure of jets produced in proton-proton collisions at 7 TeV centre-of-mass energy at the LHC provides a direct test of QCD calculations of gluon and quark radiation, and is sensitive to soft QCD effects, such as hadronisation or underlying event. It moreover yields a handle to identify jets coming from boosted hadronic decays of massive particles. The ATLAS collaboration has performed several measurements to characterize jet shapes and substructure observables. The transverse energy distribution around the jet core, as well as the fragmentation of a jet into charged particles is presented. Techniques are studied to reduce the sensitivity of jet properties to soft QCD and to multiple proton-proton collisions. A selection of jet substructure measurement is presented and compared to a range of QCD calculations and phenomenological models.
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Introduction
The high center-of-mass energy at the Large Hadron Collider, combined with the coverage and granularity of the ATLAS detector [1] , provide an excellent environment to study jets. Jet production is the dominant process in pp collisions and measurements of jet production contribute to the understanding of QCD at high energies. Studies of the internal structure of jets provide a window to investigate both soft and hard QCD phenomena. The internal structure of jets is influenced by fragmentation, hadronisation, colour connections and the underlying event [2] . The substructure of jets may also be used to identify hadronic decays of boosted massive particle [3] . At the LHC, particles such as W bosons [4, 5] or top quarks [6, 7] are abundantly produced with significant Lorentz boost. At sufficiently large boost, the decay products are collimated such that they are identified as a single jet in the detector. Jets produced by boosted heavy particles are expected to have an invariant mass close to that of the parent particle, where the jet mass is derived from the sum of the four-momenta of all the components of the jet. In addition, such jets have a distinct internal structure which may differentiate between jets produced by heavy particles and those produced by light quarks and gluons.
Jet shapes and fragmentation
The study of jet shapes in pp collisions provides information about the details of the partonto-jet fragmentation process [8] . ATLAS studied the internal structure of jets [9] in terms of the differential jet shape, ρ(r), and the integrated jet shape, Ψ(r),
where R is the radius of the jet and r is the radial distance from the jet axis, both defined in the rapidity and azimuthal angle plane. Jets are reconstructed from massless calorimeter clusters and the variable p T (a, b) denotes the summed transverse momentum, p T , of the clusters between radius a and b. Measurements of ρ(r) and Ψ(r) were performed for anti-k t jets [10] with radius parameters of 0.4 and 0.6. The distributions, corrected for detector effects, are compared to a number of predictions from Monte Carlo (MC) generators, as shown in Figure 1 . It can be seen that recent tunes of PYTHIA [11 -14] reproduce well the distributions observed in data. Comparisons with other generators [15] indicate that the predicted jet shapes are mainly dictated by the details on the implementation of the parton showers and the modeling of the underlying event in the MC generators. Similar conclusions were drawn from the comparison of the density of charged particles in a jet and the momentum of charged particles parallel and transverse to the jet axis, between data and MC generators [16] .
Jet grooming and substructure
The jet mass distribution was measured before and after applying a jet grooming procedure on the jet known as splitting and filtering [17] . As an example, for jets clustered with the CambridgeAachen [18, 19] algorithm with R = 1.2, the jet mass distribution before and after applying splitting
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Studies of jet shapes and substructure with ATLAS Orel Gueta Figure 1: For anti-k t jets with a radius of 0.6, (a) the differential jet shape, ρ(r), as a function of the distance from the jet axis, r, for jets in the rapidity range, |y| < 2.8, and transverse momentum, 110 < p T < 160 GeV; (b) the jet shape, 1 − Ψ(r), where Ψ(r) is the integrated jet shape, as a function of p T , for jets in the rapidity range, |y| < 0.3, compared to PYTHIA tunes, as described in the legend [15] . The lower panels show the ratio between the data and MC expectations. Error bars indicate the statistical and systematic uncertainties added in quadrature.
and filtering is shown in Figure 2 and compared to two MC generators [20] . The MC generators fail to describe the measured jet mass distribution before applying the splitting and filtering procedure, while a much better agreement is achieved after applying the procedure. This implies that the splitting and filtering procedure reduces the sensitivity of the jet mass to soft physics.
Further jet grooming techniques were explored with ATLAS, such as trimming [21] . The effects of trimming were demonstrated on semi-leptonic tt-candidate events, where one anti-k t jet with R = 0.4 was tagged as a b-jet to reduce background [22] . Figure 3 shows the leading-p T jet mass for anti-k t jets with R = 1.0 before and after trimming. Trimming moves the mass of quark and gluon jets (likely from a fully-leptonic tt event) towards lower masses, while the mass distribution of jets originating from top quarks peaks around the mass of the top.
The dependence of the mean jet mass on the number of simultaneous pp collisions (pileup) is significantly reduced by jet grooming techniques [20, 23] . The sensitivity to soft physics may also be reduced by constructing variables such as planar flow, angularity [24] , k t splitting scales [20] and N-subjettiness [25, 26] . These variables aim to explore the energy distribution inside and on the face of the jet and have the potential to identify jets containing heavy particles. Jet substructure variables and jet grooming techniques were utilized to reduce background in searches for resonances of beyond Standard Model particles [27 -30] .
Validation of jet mass scale
Hadronic decays of known heavy particles, where all the decay products are reconstructed as a single jet, may be used to constrain the uncertainty on the response of the calorimeter to jet mass in the ATLAS detector simulation, referred to as the jet mass scale (JMS) uncertainty. The jet mass distribution was measured in events containing a W → µν candidate and a b-tagged jet and the
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Studies of jet shapes and substructure with ATLAS Orel Gueta In events with one primary vertex, a comparison between data, Herwig++ and PYTHIA of normalised cross-sections as a function of jet mass for Cambridge-Aachen jets with R = 1.2, rapidity in the range |y| < 2, transverse momentum 300 < p T < 400 GeV, before (a) and after (b) applying splitting and filtering [20] . The lower panels show the ratio between MC expectations and the data. The shaded areas indicate the statistical and systematic uncertainties as described in the legend. Figure 3 : Leading-p T jet-mass distribution for anti-k t jets with R = 1.0 and p T ≥ 350 GeV for (a) ungroomed jets and (b) trimmed jets, where one anti-k t jet with R = 0.4 was tagged as a bjet to reduce background [22] . The distributions from data are compared with MC predictions as described in the legend. Physics backgrounds, also shown, have been added in due proportion to the MC distribution. Error bars indicate the statistical uncertainty.
Studies of jet shapes and substructure with ATLAS Orel Gueta location of the mass peak was compared in the data and in the MC for two jet algorithms [31] , as shown in Figure 4 . In order to reduce background, the splitting and filtering procedure was used on Cambridge-Aachen jets with R = 1.2 and the trimming procedure was used on anti-k t jets with R = 1.0. A peak near the W mass is clearly observed for both algorithms in data and simulated MC events. These distributions constrain the JMS uncertainty and provide a data-driven jet-mass calibration.
Jets / [31] . The distributions from data are compared with MC predictions as described in the legend. Physics backgrounds, also shown, have been added in due proportion to the MC distribution. Error bars indicate the statistical uncertainty.
Conclusions
Jet substructure is used to enhance ATLAS potential for the study of boosted massive particles. ATLAS has measured several observables, including jet shapes, fragmentation functions and transverse profile, jet invariant mass and a number of substructure variables designed for boosted object tagging. Monte Carlo is found to provide an adequate description of most distributions. Jet grooming techniques reduce the soft contamination that affects jet substructure, thus improving the pile-up resilience of jet reconstruction and robustness of the Monte Carlo description. Groomed jet mass distributions have been measured for inclusive jet production, boosted W boson and top quark production. The W boson mass peak is used to constrain the jet mass response of the experiment.
